The feasibility of localizing human atherosclerotic plaques by gamma scintillation camera external Imaging with technetlum-99m-labeled low density lipoproteins ( T c -L D L ) was tested In 17 patients who had atherosclerosis. Imaging demonstrated focal accumulation of radlolabel consistent with T c -L D L sequestration by plaques In the carotid, lilac, or femoral vessels of four patients 8 to 21 hours after Intravenous Injection of the radlopharmaceutlcal. Focal accumulation of T c -L D L also appeared In the location of coronary lesions In four patients, but this accumulation could not be distinguished with certainty from residual blood pool radioactivity. When carotid endarterectomy specimens from six patients who received T c -LDL 1 day before endarterectomy were examined, the specimens had focal accumulations of radlolabel, with two to four times greater radioactivity In some regions of each specimen than In others; this occurred whether or not the lesions were detected on the gamma camera Images. Lesion composition may have determined whether accumulation was quantitatively sufficient to produce an external Image. Hlstologlcally, the Imaged carotid specimen had abundant foam cells and macrophages and poorly organized Intramural blood consistent with a plaque hemorrhage; in contrast, nonlmaged endarterectomy specimens were mature, fibrocalclfic plaques. We conclude that: 1) T c -L D L did accumulate In human atherosclerotic plaques; 2) In some patients, the accumulation of T c -L D L was sufficient for detection by gamma camera Imaging; 3) the amount of LDL that accumulated appeared to depend on lesion composition; and 4) the design of new radlopharmaceutlcals with reduced residual blood pool activity relative to plaque accumulation should lead to Improved external Imaging of atherosclerosis.
D etection of atherosclerotic plaques by means other than their space-occupying characteristics might permit localization of lesions at an earlier stage than is now possible. Although vascular surgery, 1 -2 and, more recently, balloon angioplasty and thrombolytic therapy 34 have allowed tissue salvage in many patients with advanced atherosclerosis, prevention or arrest of the disease before critical stenosis develops would be preferable. 58 Furthermore, identification of patients at high risk for acute complications from asymptomatic plaques might permit beneficial changes in patient management. As an approach to these goals, a new noninvasive method to detect and characterize atherosclerotic plaques with the gamma scin-Dilation camera has been investigated, with the hope that it will be useful for localizing lesions, including those likely to lead to clinical complications as a result of acute plaque changes, 7 and for evaluating the efficacy of medical treatment of hypertipidemia and hypertension at periodic intervals. In contrast to current methods, the new technique depends on locating atherosclerotic plaques by their intramural accumulation of radiolabel after injection of a suitable radiopharmaceutical.
Since low density lipoproteins (LDL) had previously been shown to be present in atheromata, 8 -11 we used radiolabeled LDL as a probe for arterial lesions. Noninvasive external imaging of atherosclerosis appeared feasible when it was found that 12s l-labeled-LDL accumulated focally in experimental arterial lesions In normocholesterolemic rabbits. 12 In a subsequent pilot study with human subjects, we showed that carotid atherosclerosis could be imaged with 12S l-labeled LDL. 13 Since this isotope is not optimal for external imaging with the gamma camera, a method was developed 14 for labeling LDL with T c ( T c -L D L ) . The new radiopharmaceutical not only provided clear external images of experimental arterial lesions in animals, but also, based on urinary excretion, appeared to be partially trapped in tissues. 14 In the present study, T c -L D L was administered to 17 human subjects to evaluate the possibility that human atherosclerotic lesions could accumulate enough 461 462 ARTERIOSCLEROSIS VOL 8, No 5, SEPTEMBER/OCTOBER 1988 radiolabel to permit external imaging with the gamma camera, and in carotid endarterectomy specimens from six of the subjects, to determine the distribution of radiolabel within atherosclerotic lesions and correlate tissue composition with the ability to obtain an external image.
Methods Patients
Seventeen patients were recruited from the Arteriosclerosis Center's outpatient clinic and from among the patients of physicians at the Massachusetts General and New England Deaconess Hospitals. Signed statements of consent were obtained from each patient after the nature of the study had been fully explained. Pertinent data for each patient are outlined in Table 1 . Six patients (Nos. 3,4,7,8, 10, and 14) underwent carotid endarterectomy after imaging, and their surgical specimens were available for measurement of radioactivity and histologic study. Seven patients (Nos. 1, 2, 3, 7, 10, 11, and 12) were on lipidlowering medications, with varying degrees of success.
Preparation of Radlolabeled Low Density Llpoproteln
On Day 1, 100 ml of blood was drawn from an antecubital vein under sterile precautions and the patient's LDL was isolated on Day 1 and Day 2 by sequential ultracentrifugation as described previously. 1315 On Day 3, the LDL was radiolabeled with " T c under sterile conditions, as follows. Two to 6 mg of LDL (at a density of 1.050 g/ml) were placed in an empty sterile vial. To the vial was added 70 to 100 mCi of sodium ""pertechnetate (E.I. du Pont de Nemours & Company, North Billerica, MA). The reactants were mixed, and to them was added 10 mg of sodium dithionite dissolved immediately before use in 0.1 ml of 0.5 M glycine buffer (pH 9.8). The total volume of the reaction mixture was about 1.1 ml. This mixture was allowed to stand at room temperature for 30 minutes (20 minutes for Patients 1 and 7); then it was chromatcgraphed on a sterile 2.5 x 10 cm disposable Sephadex G-50 column (Pharmacia Incorporated, Piscataway, NJ) which was pre-equilibrated with sterile 0.15 M sodium chloride brought to pH 8 with sterile sodium bicarbonate buffer. After a volume equal to that of the reaction mixture was allowed to flow through the column, 7.5 ml of the saline/bicarbonate buffer was used to elirte the column. The first 4 ml of eluate was discarded. The next 3.5 ml, which contained the " T c -L D L , was collected in a sterile 30 ml technetium elution vial (E.I. du Pont de Nemours & Company). The term """Tc-LDL", as used throughout this report, refers to the 3.5 ml of eluate obtained from the Sephadex G-50 column. It had been previously shown by ultracentrifugation and paper electrophoresis that this preparation consisted predominantly of 96n Tc tightly bound to LDL along with a much smaller, variable amount of macromolecular inorganic technetium species. 14 In the present study, each preparation was filtered through a 0.22/tm filter just before use, and a small aliquot was analyzed by paper electrophoresis as described previously. 14 In each case, the major peak was that of " T c -L D L , similar to the published example, with a vari-able amount of radioactivity which, as reported previously, did not stain with oil red O after paper electrophoresis.
Imaging
The patients were immediately imaged with either a standard or a large field-of-view gamma camera equipped with an all-purpose parallel-hole collimator, and then imaged again one to three times up to 25 hours after injection of 10 to 20 mCi of T c -L D L . Anterior cervical and thoracic views, anterior and posterior abdominal views, and anterior views of the pelvis and lower extremities were recorded in all patients; additional views were recorded when appropriate. Images were obtained for up to 10 B counts for each view, or up to 15 minutes at the later imaging times. All images were reviewed by three nuclear medicine physicians. Only regions of arterial accumulation identified as positive by all three reviewers were called positive.
Specimen Analysis
Six carotid endarterectomy specimens were available for direct examination; specimens of other arteries were not available for analysis.
After gross photography, the carotid endarterectomy specimens were rinsed in normal saline until the rinses were free of blood, and then divided into three to four sections of differing atherosclerotic involvement based on the degree of mural thickening and stenosis. The tissues were blotted lightly before being weighed and were then counted in a gamma counter (Packard 5630, Packard Instrument Corporation, Des Plaines, IL).
After measurement of radioactivity, the sections of each carotid endarterectomy specimen were fixed in 10% formalin, embedded in paraffin, cut in cross-section for light microscopy, and stained with hematoxylin and eosin. A maximum of 2 hours elapsed between the time carotid specimens were removed surgically and the time they were placed in fixative.
To determine the percent of injected T c that was excreted in urine, 24-hour urine collections were obtained, measured, and counted in three patients.
Definitions
A positive gamma scintillation camera image was defined as the appearance of focal radiolabel accumulation in the region of a vessel visible above the blood pool that increased in intensity over time relative to blood pool radioactivity and was asymmetric relative to the contralateral vessel.
In carotid endarterectomy specimens, focal accumulation was defined as higher levels of radioactivity in some regions of the specimen and lower levels elsewhere.
The histologic sections of carotid specimens were classified by a semiquantitative assessment of the fraction of each section that had abundant macrophages and foam cells, and/or hematoma or necrosis (Category A) relative to the fraction of the section that was mature fibrous connective tissue, with or without areas of calcification (Category B). The primary distinction was between tissue in which the functional metabolic status and/or the structural organization appeared to be evolving and tissue which appeared to be quiescent. Since the regions within the plaques were not sharply delineated, exact morphometric measurements of the specimens could not be made. Tissue in Category A had more than 50% dense inflammatory infiltrate with or without abundant macrophages and foam cells, and/or unorganized or incompletely organized intramural blood or focal necrotic debris. Tissue in Category B was mature fibrous connective tissue, which contained smooth muscle cells and/or fibroblasts, with or without dystrophic calcification. "Intermediate tissue" was sparseiy cellular and densely fibrocalcific, with only small regions of macrophages, foam cells, hemorrhage, or necrosis.
Results Sclntlgraphy
The typical appearance of sequential gamma camera images of a patient given ""Tc-LDL is illustrated in Figure  1 . Immediately after injection of the radiolabel, blood pool radioactivity was evident in several organs. Over a 15hour period, the cardiac radioactivity decreased, while radioactivity in the liver, intestine, and kidney increased relative to the heart. The shift in relative radioactivity from the heart, which is a blood pool marker, to organs known to metabolize LDL 1617 was consistent with the transfer of radioactivity from blood to tissue and indicated that the radiopharmaceutical had the biological characteristics of native LDL 1 8 1 7 Four patients ( Table 1 , Nos. 1 to 4) accumulated sufficient ""Tc-LDL to produce images with the gamma camera in locations where atherosclerotic arterial lesions were known or likely to be present; four patients (Nos. 2, 5, 6, and 9) accumulated radloiabel in areas of the heart anatomically consistent with the location of coronary arteries known or likely to be atherosclerotic, but these areas could not be distinguished with certainty from blood pool radioactivity; ten patients (Nos. 7, 8, and 10 to 17) had no focal arterial accumulation of radiolabel. The doses of T c -L D L for each patient and the time parameters of imaging are listed in Table 2 .
Arteries with focal accumulation of radiolabel that was consistent with a positive image included the iliac, femoral, and carotid vessels. Patients 1, 2, and 4 had images of the iliac and/or femoral arteries. Patient 1, who had a In addition to the femoral disease described above, Patient 2 also had had a myocardial infarction 10 years before his imaging study. At the time of imaging, he denied cardiac symptoms, but his physical examination and electrocardiogram were consistent with severe coronary artery disease. The 8-hour image showed focal, linear accumulation of radiolabel in an area of the heart that was anatomically consistent with the left anterior descending (LAD) coronary artery; however, the accumulation could not be unequivocally distinguished from blood pool radioactivity. The same problem of interpretation occurred in patients 6 and 9. In Patient 6, focal accumulation in the area of the LAD was evident in the 14-hour and the 22-hour images; angioplasty of the patients LAD artery had been performed 4.5 years before the imaging study. One month before the study, an angiogram showed diffuse atherosclerosis of the LAD coronary artery and tight stenosis of the circumflex artery on which angioplasty was performed; no focal accumulation of radiolabel was evident in the area of the circumflex artery in the imaging study. Patient 9 developed exerrjonal chest pain 6 months before his imaging study and underwent coronary angioplasty of the LAD artery 6 weeks before imaging. In the 2-hour and 16-hour images, there was focal accumulation of radiolabel in the area of the LAD artery, which intensified over time, but could not clearly be distinguished from blood pool radioactivity. Uncertainty about a coronary image also occurred with Patient 5, who had an occluded right coronary artery recanalized by intracoronary injection of tissue plasminogen activator 1 week before imaging. Focal accumulation of radiolabel anatomically consistent with the location of the proximal right coronary artery was visible on the 16-hour image but could not be distinguished with certainty from blood pool radioactivity.
Patient 3 had a 9-hour image ( Figures 3A and 3B ) which showed asymmetrical focal accumulation of radiolabel in the right internal carotid artery. An angiogram performed before right carotid endarterectomy ( Figure  3C ) showed tight stenosis of the right internal, and moderate stenosis of the left internal, carotid arteries. These lesions were associated with the recent onset of a prominent high-pitched right carotid bruit and no bruit on the left. At surgery, a brown-stained tightly stenotic right carotid lesion was removed, which appeared on gross examination to have an organized, relatively recent intramural hemorrhage ( Figure 3D ).
Histology
Histologic examination of arterial specimens from the six carotid endarterectomy patients made possible a In contrast, the other five carotid specimens, which did not image, were more fibrocalcific than cellular, hemorrhagic, or necrotjc. For example, the right carotid artery of Patient 7, which did not image, appeared tightly stenosed on angkxjram ( Figure 4A) . At surgery, a small, stenotic lesion was removed ( Figure 4B ) which was too small and hard to be cut into sections. The specimen was almost entirely fibrous tissue, with focal calcification and little cellularity ( Figure 4C ). The lesions in Patients 4, 8, and 14 were also predominantly fibrous, while the lesion in Patient 10 was intermediate with some cellular-hemorrhagic areas and other areas which were fibrotjc.
Focal Radioactivity of Carotid Specimens
Although the carotid lesions of five carotid endarterectomy patients (Nos. 4,7, 8,10, and 14) did not accumulate enough radiolabel to be visible above the blood pool on external imaging, the five carotid specimens that could be sectioned (including that of Patient 3, which did image) showed focal accumulation of radioactivity, with up to two to four times more radioactivity in the centers of plaques than elsewhere in the specimens ( Table 3 ). Because of the complexity of the studies, it was not feasible to obtain serial blood samples to measure the average plasma radioactivity, which is necessary to make quantitative comparisons of LDL accumulation among the specimens. In addition, surgical scheduling precluded the possibility of obtaining all the carotid specimens at the same time after injection of ""Tc-LDL. However, even with these limitations in mind, it was clear that the difference in radiolabel accumulation by Patient 3's specimen, which imaged, and the other carotid specimens was marked. 
Discussion
The goal of this study was to demonstrate the feasibility of detecting atherosclerotic plaques by their intramural accumulation of a radiopharmaceutical, rather than by their space-occupying characteristics, as is current practice. The approach is based on the noninvasive technique of gamma camera sdntigraphy and takes advantage of previous observations 12 ' 13 that radiolabeled LDL is rapidly focally sequestered in abnormal arterial wall. The earlier observations were confirmed and extended in the present study, which showed that some human atherosclerotic lesions in the carotid, iliac, and femoral circulations could be imaged externally with the gamma scintillation camera after injection of T c -L D L . Based on the data obtained from carotid endarterectomy specimens, lesion composition may have determined whether " T c -L D L accumulation was quantitatively sufficient to produce an external image. The carotid plaque that did image was made up of tissue that could be described as being in a state of active evolution; it had abundant foam cells and macrophages as well as an area of poorly organized intramural hemorrhage. The total accumulation of radiolabel by this specimen was far greater than that of any other specimen. Conversely, the five fibrocalcific carotid plaques that did not image were made up of tissue which could be described as quiescent, or "burned-out." However, regardless of whether they imaged, all five specimens that could be subdivided had greater radioactivity In the centers of plaques and less radioactivity elsewhere. These findings support the concept that the atherosclerotic process pro- duces specific local tissue changes that might be used to locate plaques by external imaging if suitable radiopharmaceuticals were available.
In this study, which employed T c -L D L as the radiopharmaceutical, extracellular matrix produced by cells present in plaques may have mediated, at least in part, the focal accumulation of radiolabeled LDL. For example, the quantity and type of glycosaminoglycans, 18 which are known to bind LDL, may be important. Whatever the specific tissue components that may be involved in radiolabel accumulation, the results of this study suggest that the ability to image atherosclerotic plaque is dependent in some way on tissue composition. Thus, the composition of lesions may be at least partially elucidated by external imaging. Based on the evidence from earlier studies 141920 and from the data presented here, we hypothesize that if a lesion images with "Tc-LDL, it is likely to be actively evolving.
In recent years, emphasis has been placed on the importance of acute rupture or fissure in chronic coronary arterial atherosclerotic plaques as the critical event precipitating varying degrees of occlusion by thrombus, which, in turn, results in cardiac symptoms ranging from unstable angina to infarction to sudden death. 7 It seems likely that quiescent, mature fibrocalcific plaques would be least likely to rupture, while softer lesions with a cellular, hemorrhagic, or necrotic core would be more likely to undergo acute plaque change. Further studies will be needed to confirm the possibility that an appropriate radiopharmaceutical could be used to detect such evolving plaques by external imaging.
In addition to the specific tissue characteristics of plaques, a major determinant of the ability to image with the gamma camera is the relationship between the radioactivity in the lesion and that in the blood pool, known as the target-to-background ratio. In this study, the target-tobackground ratio obtained with T c -L D L was clearly not optimal, perhaps because the biological half-life of LDL in the plasma ranges from 2 to 6 days, while the physical half-life of T c is only 6 hours. This led to uncertainty in the interpretation of focal cardiac radiolabel accumulation in four patients, and, in light of the focal accumulation of radiolabel measured ex vivo in the carotid endarterectomy specimens, could well have led to negative imaging studies in the presence of active disease.
We are now investigating a variety of ways to improve the target-to-background ratio of the imaging radiopharmaceutical. Although a method of attaching to LDL an imaging isotope with a half-life longer than the 6 hours of T c is not yet available, this is one possible approach. However, ""Tc does have the advantage of being readily available and inexpensive, and it appears to be partially trapped intracellularly, as indicated by the 24-hour urinary excretion of radiolabel, which ranged only from 4% to 12%; this finding, in contrast to results obtained with 12S I-LDL 21 where 20% to 50% of the isotope appeared in the urine in 24 hours, was consistent with animal data obtained previously, 1419 -20 and suggested that the " T c that enters cells bound to protein may be trapped to a considerable extent in tissue, as has been demonstrated for certain radiolabeled conjugates of LDL. 22 Another approach would be to develop an agent that would be cleared more rapidly from plasma while being retained in atherosclerotic plaques. Whatever radiopharmaceuticals prove to be optimal, the present study demonstrates that external imaging of human atherosclerosis is feasible and may aid in differentiating quiescent from actively evolving plaques.
